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Abstract
We report the identification of 10 new human homeobox

sequences. Altogether, we have isolated and sequenced 3? human
homeoboxes clustered in 4 chromosomal regions called HOX loci.
HOX1 includes 8 homeoboxes in 90 kb of DNA on chromosome 7.
HOX2 includes 9 homeoboxes in 180 kb on chromosome 17. HOX3
contains at least 7 homeoboxes in 160 kb on chromosome 12.
Finally, HOX4 includes 6 homeoboxes in 70 kb on chromosome 2.
Homeodomains obtained from the conceptual translation of the
isolated homeoboxes can be attributed to 13 homology groups on
the basis of their primary peptide sequence. Moreover, it is
possible to align the 4 HOX loci so that corresponding homeo-
domains in all loci share the maximal sequence identity. The
complex of these observations supports and extends an
evolutionary hypothesis concerning the origin of mammalian and
fly homeobox gene complexes. We also determined the coding
region present in 3 HOX2 cDNA clones corresponding to HOX2G,
HOX2H and HOX2I.

Introduction
Genes containing homeobox sequences encode nuclear proteins

with regulatory functions in a wide variety of organisms, from
yeast to man (1,2). Many of these genes function in the control
of early developmental programs in Drosophila and most likely in
other organisms. Evidence is accumulating that the encoded
homeoproteins function as transcription factors regulating the
expression of other genes and homeodomain binding sites have
been identified in the cis-regulatory sequences of genes known
to be regulated by homeobox genes (3,4). On the other hand,
homeoproteins have been shown to be transcriptional activators
of the growth hormone and prolactin genes in the pituitary and
to bind to the octanucleotide sequence present in many mammalian
promoters and enhancers (5,6).

Although the DNA-binding domain specified by the homeobox,
termed homeodomain (HD), is clearly an ancient and conserved
functional motif, homeobox gene families have evolved encoding
HDs with different primary sequences. Indeed, known HDs can be
attributed to different classes according to their primary
sequence. Class I HDs are the most closely related to the
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An-tennapedia (Antp) HD and have also been designated Antp-like
lIDs (7). In Drosophila, genes containing a class I HD
are clustered in two complex loci, the Antennapedia-complex
(ANT-C) and the bithorax-complex (BX-C) (8). Mouse and human
class I homeobox genes appear to be clustered in a similar way
in restricted genomic regions (HOX loci) of at least four
chromosomes (9,2).

We previously reported the isolation of 20 human homeoboxes
(9). We report here the identification of 10 new homeoboxes and
summarize the genomic organization of 30 human homeoboxes so far
identified in the four HOX1, 2, 3 and 4 loci. These HOX loci
appear to be homologous to each other and, to a more limited
extent, to the Drosophila homeotic gene complexes.

Materials and Methods
A human genomic library in pcos2EMBL cosmid vector (10) was

kindly provided by Anna-Maria Frischauf. Two cDNA libraries in
xgtll (11) were prepared from N-TERA2 cells derived from a human
teratocarcinoma treated with 10 AM retinoic acid for 14 days
(12,13). All libraries were screened according to standard
procedures (14). We previously published partial genomic maps
(16,17,9) of the four HOX loci. These were obtained by
chromosome walking around the homeobox sequences first isolated,
i.e. HOX1D, 2C, 3C and 4B. We used pcos2EMBL cosmid clones
throughout and did not find any inconsistency in comparing maps
derived from cosmid clones and restriction maps on genomic DNA
extracted from peripheral lymphocytes. Interestingly, only one
example of restriction fragment length polymorphism was found
during this analysis: a BglII polymorphism upstream from the
HOX1H homeobox. We have now extended this analysis and isolated
new cosmid clones (Fig. 1). Every cosmid clone overlaps for at
least 7 kb adjacent clones. Homeobox sequences were identified
using the oligonucleotide 5'TGGTTCCAGAACCGGCGGATGAA3' represent-
ing the most conserved portion of human homeoboxes. DNA
fragments of interest were subcloned and nucleotide sequences
were determined according to Sanger et al. (15).

Results
We have previously reported partial genomic maps of the HOX

loci (16,17,9) and their chromosomal assignment (18). We have
now extended the chromosome walking around the reported genomic
regions by the screening of a genomic library constructed in the
cosmid vector pcos2EMBL (10). Genomic maps obtained from
isolated clones were confirmed by restriction analysis of human
DNA extracted from peripheral lymphocytes. Homeoboxes were
identified using a synthetic oligonucleotide representing the
most conserved portion of the class I homeobox (see Materials
and Methods), subcloned and sequenced.

Fig. 1. Genomic organization of mapped regions of the human HOX
loci. Identified homeobox sequences are shown as filled boxes.
Transcription is from left to right. Chromosomal localization
is indicated in brackets after each HOX designation. Maps of
various loci derive from the analysis of overlapping cosmid
clones reported below them. E=EcoRI.
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Fig. 1 shows such genomic maps of four regions of the HOX
loci containing 30 homeoboxes. These regions span 90 Kb,
180 Kb, 160 Kb and 70 Kb of DNA of HOX1, 2, 3 and 4, respective-
ly, including 8, 9, 7 and 6 homeoboxes. It is impossible to
exclude for the moment that additional less-conserved homeobox
sequences might be present interspersed among the conserved
homeoboxes so far localized. Complete sequencing of the entire
regions is required to settle this point.

The recommended nomenclature for human homeoboxes (9) is
used throughout. Accordingly, HOX2A, 2B, 2C .... 2G, for
example, are the human homologues of murine Hox-2.1, 2.2, 2.3
.... 2.7 and HOX4A is the homologue of Hox-4.1. Because all HOX
homeoboxes so far analysed in mouse and man seem to belong to
only four HOX loci, we attributed the murine Hox-5.1, 5.2 and
5.3 homeoboxes to the HOX4 locus and termed their human cognates
HOX4B, 4C and 4D, respectively. The human Hox-5.4 homeobox
recently reported (19) was termed HOX4E. The general scheme of
this correspondence is shown in Fig. 4 below.

Fig. 2A shows the nucleotide sequence of 10 new homeoboxes
and Fig. 2B the conceptual translation of all 30 human
homeoboxes identified so far. The sequences of 20 of these
homeoboxes were previously reported by us (9). Identification
of HOX4C and 4E homeoboxes was also reported (19). Their
published sequences are identical to those we report here.

It has been previously noticed that class I HDs may be
grouped in sub-classes or groups on the basis of the primary
peptide sequence (17,9,7). These groups may include human and
mouse as well as frog, rat, zebrafish, salmon, chicken and

.0

ACT COGAM=M COG TCC CIC TAT AC AM

GCC COG MG MIG CGC TOG COC TMi JiCC AM

ACO COC AAA MAC CCC TCC CCC TAT AOC MC

GGC AG MO AAC CGC CIC CCT TAT PC AM

TCT COG MG AMG CCC AM OCC TAT TCG AMC

so
CMCUiG ACC CIC GM CCC GAO GAG1C

CMA CMA AMCC GMCCCGM MO GAGCIT

MACMC AC COG GAO Cl& GM COG GAG CCC

COG CAA TTAAM GMCTGM C=GMTM

TOGCMA CC GCA GAG CTG GAGCCWC GAGm

90

COG TIC AMC ATO TMC COG ACC AGOGAUC CCC

COGCCBC MT ATG TMC CIT MCT COP. GAO COO

MMCCCC MC CCCTMAC AM AM GM MO

CCC MCG M AMA C CATT MC MO GM AM

COG CC AAM CM CCC ATC AA CGC CM CCC

OG CGCGCCCAAAMCCCGCCCTMC MCT AM COGTCMCAG GMCTAAGGAATMC GCGGCTACAMATCATC ACCAAA GAG

OZiC CCCAMAGCCTGT CC TAC CAGAM T ACC CITMCGCTMGAMGAMCC COGCCC AMCATMUCCTC ACCC GMCGCcs

00 MCCAGA AAGMAACGTGCCCTTACACIAOA

Roa MA CACAG0 MA CAP MC TAG AGT C

1011r TCCCCGAMAAGMTCCCUTOOCT ACC AAC

MOC TMAOCOCCCCTGGCT COGccAM COG

cacC CCA CM ATT MC OOC MGC CTC 0IC COG

CCC CtG CAA. CCC TCC CCC MCTCGArcMC CTCC

COG MOG COO ATA TCA. CCC MOG MOG MT COG

NOW CCGOCCSCTACMGCCTTMGTCIT
1011 COCCCGCGCMATCCC=ACCCGAMCOG

CCC TMAMCOCCSCC OGAMC CO AM CCA

COCC GAGAMMC C AT MGC CT AAMCO

CMA GAMACC CTGMCAATAGAM AM G C

CCCGMMC AC CTM CCCT GM AMOGMI

TMCMAATC c GAMCG G CCC CM Cm

15O

AMC CM AP0 CAGC .MG ATC TOG CCCCAM

MC CM MAG CAA AMMAATC TOOm M

MCT OAT CCCGMCGT AM MCTOOm w

TCT CM CC CG COGGCAM TC TO TOGCGM

MT CCMW W CGT AAM AMC TCGm CM

T!CM CCCcMcCAGG MCATC TOOCCCCAM
AM ACM AMA CM C PMA ATC TOCIm CMA

ACC CM MC CM GCG AMPTOOTICGMC
AGMCCMCIGTTSCCCAMCacCTP.CCCTC ACCGAG MGTAAP.TCTOCCTCWM
AGCT CM COG TT CAGCM CCCCSAMCCC ACTACCOG CAACOG AMATC TOCCCAM

TOG CC AMTAM TMA CCC CC CGC GCCM C

CITm AMA CCC TAT CTG MC AGO AM AM

CTCm MWCOGT TAM ATA MCA M AGM

ISO

AM CC MGG ASCAAMTMG AACAMAMCAMAM

AAMCCC MGMATGMA CCC AMG AM ATG MT CG

AMMOMACAGA AMGAGMUAMA AM A7T MC AMA

AMC AGO AGG CIT AMA CMG AMA AM GCC MSC GMA

AM 0CG MA ATO MAMG MAGA CIT CCC TTC

MOACOOCCG CCGTC AM CM AMOMCCGC CCM

AMC CGT M M AMGMCASGMMOMCMCGACCMG

AMC COP.MCGATGMA COG AMG MO ATG MCC CGA

AMMOMAMCAMA TOG MAM GM AM AM

MT CCCAO ATO AM GMAAMG M CCMCAMA
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Arg Lys Arg Gly Arg Gln Thr Tyr Thr Arg
Gly Arg Arg Gly Arg Gln Thr Tyr Thr Arg
Gly Lye Arg Ala Arg Thr Ala Tyr Thr Arg
Pro Lye Arg Ser Arg Thr Al Tyr Thr Arg
Thr Arg Lys Lye Arg Cye Pro Tyr Thr LyS
Gly Arg Lye Lye Arg Cys Pro Tyr Thr Lye
Thr Arg Lye Lye Arg Cyp Pro Tyr Thr Lye
Cly Arg Lys Lys Arg Val Pro Tyr Thr Lys
Gly Lys Arg Ala Arg Thr Ala Tyr Thr Arg
Thr Ala Arg Gly Arg Gln Thr Tyr Thr Arg
Arg Lye Arg Gly Arg Gln Thr Tyr Thr Arg
Arg Arg Arg Gly Arg Gin Thr Tyr Ser Arg
Ser Ar Lys Lys Arg Cye Pro Tyr Thr Lye
Pro Lyu Arg Ser Arg Thr Ala Tyr thr Arg
Ser Lye Arg Ala Arg Thr Ala Tyr Thr Ser
Ala Arg Arg Leu Arg Thr Ala Tyr Thr An
Pro Ser Gly Leu Arg Thr bn Phe Thr Thr
Arg Arg Ser Gly Arg Gln Thr Tyr Ser Arg
Thr Arg Lys Lys Arg Cy. Pro Tyr Thr Lys
Arg Arg Arg Gly Arg Gln lie Tyr Ser Arg
Gly Lye Arg Ser Arg Thr Ser Tyr Thr Arg
Pro Lys Arg Ser Arg Ala Ala Tyr Thr Arg
Ser Arg Lye Lys Arg Lys Pro Tyr Ser Lye
Gly Arg Lys Lys Arg Val Pro Tyr Thr Lye
Ser Lys Arg Val Arg Thr Thr Tyr Thr Ser
Pro Lye Arg Ser Ag Thr Ala Tyr Thr Arg
Thr Arg Lys Lys Arg Cys Pro Tyr Thr Lye
Gly Arg Lys Lye Arg Cye Pro Tyr Thr Lys
Arg Arg Arg Gly Arg Gln Thr Tyr Ser Arg
Ser Arg Lys Lye Arg Cys Pro Tyr Thr Lys

40

Arg Ile Glu lie Ala His Ala Leu Cye Leu
Arg Ile Glu Ile Ala Abn Ala Leu Cys Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg Ile Glu Ile Ala His Thr Leu Cys Leu
Arg Tyr Glu Val Ala Arg Leu Leu Aen Leu
Arg Leu Glu Ile Ser Arg Ser Val His Leu
Arg Leu Gln Leu Ser Arg Het Leu Amn Leu
Arg Arg Arg Ile Ser Ala Thr Thr Asn Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg lie Clu Val Ser His Ala Leu Gly Leu
Arg Him Glu Val Ala Arg Leu LeunA Leu
Arg Val Glu Ile Ala His Ala Leu Cys Leu
Arg Val Glu Het Ala An Leu Leu Asn Leu
Arg Vai Glu Ile Ala Ala Leu Leu Asp Leu
Arg Val Glu Ile Ala Ala Thr Leu Glu Leu
Arg Ile Glu Vii Ser His Ala Leu Gly Leu
Arg Tyr Glu Vai Ala Arg Val Leu Asn Leu
Arg Ile Glu Ile Ala Mn Ala Leu Cye Leu
Arg Ilei lu Ile Ala Mn bn Leu Cye Leu
Arg Ile Glu Ile Ala Hie Ser Leu Cyr Leu
Arg ArgGlu Leu Ser Asp Ar Leu An Leu
Arg Arg Arg Ile Ser Ala Thr Thr An Leu
Arg Vai Clu Het Ala bn Leu Leu An Leu
Arg lie Glu lie Ala His Thr Leu Cys Leu
Arg Tyr Glu Val Ala Arg Ile Leu bn Len
Arg Leu Clu Ile Ser Lys Ser Val An Leu
Arg Ile Glu Val Ser Hie Ale Leu Ala Leu
Arg Leu Gln Leu Ser Arg Met Leu sn Leu

Tyr Gin Thr Leu Clu Leu Glu Lye Clu Phe
Tyr Gln Thr Leu Glu Leu Clu Lye Clu Phe
Tyr Gln Thr Leu Clu Leu Glu Lys Glu Phe
Gln Gln Vai Leu Clu Leu Clu Lye Glu Phe
His Gln Thr Leu Glu Leu Clu Lye Glu Phe
His Gln Thr Leu Clu Leu Clu Lye Glu Phe
Tyr Gln Ile Arg Clu Leu Clu Arg Glu Phe
Vii Gln Leu Lye Clu Leu Clu Arg Glu Tyr
Tyr Gln Thr Leu Clu Leu Glu Lye Clu Phe
Tyr Gln Thr Leu Clu Leu Clu Lys Clu Phe
Tyr Gln Thr Leu Clu Leu Glu Lye Glu Ph
Tyr Gln Thr Leu Clu Leu Clu Lye Clu Phe
Tyr Gln Thr Leu Clu Len Clu Lye Clu Phe
Gln Gln Vai Leu Glu Leu Glu Lye Clu Phe
Ala Gln Leu Val Clu Leu Glu Lys Glu Phe
Thr Gln Leu Leu Glu Leu Clu Lys Glu Phe
Arg Gln Leu Thr Clu Leu Clu Lye Clu Phe
Tyr Gln Thr Leu Glu Len Glu Lye Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Clu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Clu Lye Glu Phe
Gin Gln Vai Leu Clu Leu Glu Lye Glu Phe
Leu Gln Leu Ala Clu Leu Clu Gly Clu Phe
Val Gln Leu Lys Glu Leu Glu Lys Clu Tyr
Ala Gln Leu Val Clu Leu Glu Lys Glu Phe
Gln Gln Vai Leu Glu Leu Glu Lye Glu Phe
Tyr Gin Thr Leu Glu Leu Glu Lys Glu Phe
His Gln Thr Leu Glu Leu Glu Lys Clu Phe
Phe Gln Thr Leu Glu Leu Glu Lye Glu Phe
Tyr Gln Ile Arg Glu Leu Glu Arg Clu Phe

Thr Glu Arg Gln Ile Lys Ile Trp Phe Gin
Thr Glu Arg Gln Ile Lys Ile Trp Phe Gln
Ser Glu Ark Gln Ile Lye Ile Trp Phe Gln
Ser Glu Arg Gln Vai Lys Ile Trp Phe Gln
Thr Glu Arg Gln Vai Lys Ile Trp Phe Gln
Thr Asp Arg Gln Val Lys lie Trp Phe Gln
Thr Asp Arg Gln Val Lys Ile Trp Phe Gln
Ser Glu Arg Gln Vai Thr lie Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Thr Glu Arg Gln Ile Lye Ile Trp Phe Gln
Thr Glu Arg Gin lie Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val LyseIe Trp Phe Gln
Ser Glu Arg Gln Val Lys Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lye Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Thr Glu Arg Cln Vai Lys Vai Trp Phe Gln
AMn Clu Thr Gln Vii Lye Ile Trp Phe Gln
Thr Glu Arg Gln Val Lye Ile Trp Phe Gln
Thr Clu Arg Gln Vai Lys Ile Trp Phe Gln
Thr Clu Arg Gln Ile Lye Ile Trp Phe Gln
Asn Glu Arg Gln Ile Lye Ile Trp Phe Gin
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gin
Ser bp Gln Gln Vai Lys Ile Trp Phe Gln
Ser Clu Arg Gln Vii Thr Ile Trp Phe Gln
Thr Glu Arg Gln Ile Lye Ile Trp Phe Gln
Ser Glu Ag Gin Ile Lye Ile Trp Phe Gin
Thr Glu Arg Gln Vii Lye Ile Trp Phe Gln
Thr bp Ark Gln Vai Lye Ile Trp Phe Gln
Thr Clu Arg Gln Vai Lye Ile Trp Phe Gln
Thr Asp Arg Gln Vai Lye Ile Trp Phe Gln

His Phe Mn Arg Tyr Leu Thr Arg Arg Arg
Hie Phe Mn Ar: Tyr Leu Thr Arg Arg Arg
Hie Pbe Mn Arg Tyr Leu Thr Arg Arg Arg
Hie Phi Mn Arg Tyr Leu thrTAg Arg Ar
Leu Phe Mn Net Tyr Leu Thr Arg bp Arg
Leu Phi Mn Net Tyr Leu Thr Ar: Clu Arg
Phe Phe Ser Vai Tyr Ile Mn Lye Glu Lys
Al ThrTsn Lye Phi Ile Thr Lye Mp Lye
Hie Phe Mn Ar: Tyr Leu Thr Arg Arg Arg
Hie Tyr Mn Arg Tyr Leu Thr Arg Arg Arg
His Tyr Mn Arg Tyr Leu Thr krg Arg Arg
Leu Phe Mn Pro Tyr Leu Thr Arg Lye Arg
Leu Phe Mn Net Tyr Leu Thr Arg bp Arg
His Tyr Mn Arg Tyr Le thrTAg Arg Arg
Hie Phe Mn Arg Tyr Leu Cys Arg Pro Arg
His Phi Mn Lys Tyr Leu Cye Arg Pro Ar:
His Phe Mn Lye Tyr Leu Ser Arg Aa Arg
Leu Phe Mn Pro Tyr Leu Thr Arg Lye Arg
Leu Phi Mn Net Tyr Leu Thr Arg bp Ar:
His Phe Mn Arg Tyr Leu Thr Arg Arg Ar:
His Phe Mn Arg Tyr Leu Thr Arg Arg Arg
His Tyr Mn Arg Tyr Len Thr Arg Arg Arg
Leu Val nn Clu Phe Ile Thr Arg Gln Arg
la Ala Ser Lye Phe Ile Thr Lye Clu Lye
His Phe Mn Arg Tyr Leu Cyp Arg Pro Arg
His Phe Mn Arg Tyr Leu Thr Arg Arg Arg
Leu Phe Mn Net Tyr Leu Thr Arg ap Arg
Leu Phe Mn Net Tyr Leu Thr Arg Clu Arg
Leu Pbe An Pro Tyr Leu Thr Arg Lye Arg
Phe Phe Mn Vai Tyr Ile Asn Lye Glu Lye

so

Mn Arg Arg Net Lye Trp Lye Lye Clu Hie Lye
Mn Arg Arg Nit Lye Trp Lye Lye CluG n Lye
Mn Arg Arg Net Lye Trp Lye Lye bp Mn Lye
Mn Ar: Arg Net Lye Trp Lye Lye bp Hie Lye
Mn Arg Arg Net Lye Net Lye Lys Ile Mn Lye
Mn Arg Arg Net Lye Leu Lye Lye Net An Arg
AMn Arg Arg Net Lye Glu Lye Lye Ile An Arg
AMn Arg Arg Vii Lye Glu Lye Lys Val Ile sn
Mn Arg Arg Net Lys Trp Lye Lye Mp An Lye
Mn Arg Arg Net Lye Trp Lye Lye Clu Ser Lye
Mn Arg Arg Net Lye Trp Lye Lye luGn n Lye
Mn Arg Arg Net Lye Trp Lys Lye Clu Asn Mn
Mn Arg Arg Net Lye Net Lye Lys Net Mn Lye
sn Arg Arg Net Lye Trp Lye Lys bp His Lys
Mn Ar: Arg Net Lye Tyr Lye Lye bp Gln Lye
Mn Arg Arg Net Lye His Lye Arg Gln Thr Gln
bn Arg Arg Net Lye Gln Lys Lye Arg Clu Arg
Mn Arg Arg Net Lye Trp Lye Lye GluG n Mn
Mn Arg Arg Net Lye Net Lye Lys Nit Mn Lye
Men Ar: Arg Net Lye Trp Lye Lye Glu Ser sn
Mn Arg Arg Net Lye Trp Lye Lye bp Ser Lye
Mn Arg Arg Net Lys Trp Lye Lys Ap Kis Arg
Mn Arg Arg Net Lye Lye Lye Arg Leu Leu Leu
Mn Arg Ar: Vai Lye Clu Lys Lye Vii Vai Ser
bn Arg Arg Nit Lys Tyr Lys Lys sp Gln Lys
Mn Arg Arg Net Lye Trp Lye Lye hp Kis Lye
Mn Arg Arg Net Lye Nit Lye Lys Net Ser Lys
sn Arg Arg Net Lys Leu Lye Lye Net Ser Arg
Mn Arg Arg Net Lye Trp Lye Lys Glu Msn Mn
sn Arg Arg Net Lye Clu Lye Lys Leu sn Arg

Fig. 2. Identified human HOX homeoboxes.
A) Nucleotide sequences of 10 new homeoboxes.
B) Alignment of homeodomains obtained from the conceptual
translation of homeobox sequences shown in 2A) and 20 previously
reported (9) homeodomains.
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TRKK-CP--K H--------- L--M----D- -Y-V-RL-N- ----V-----
SRKK-CP--K ---------- L--M----D- -H-V-RL-N- S---V-----
TRKK-CP--K ---------- L--H----D- -Y-V-RV-N- ----V-----
TRKK-CP--K ---------- L--M----D- -Y-V-RI-N- ----V-----
SRKK-CP-SK ---------- L--M----D- -H-V-RL-N- S---V-----
VRKK-KP-SK F--------- L--A-VSKOK -W-L-RN-0-V-

-R-------
-RS-- ----S-
-R-5----S-
TO-5----S-
-RS-------S-
-R-a-----

-----_____

----T-----

--A-TA-----

-R---A----
-R---___-__

GR--A-A---
OR--------
-R---- I -S-
AR-- ---_-_-_-
-R-- --- I -S-
T--S-TS---

G--A-TA- -

GN-A--TA- - -

G--S-TS---
G--A-TA-- -

G- -A-TA----
G--S-TS----
GRGRG---- -
G--A-TA-- -

IN-A-TA----
S--T--_-_-__

F----_____

-_

F----_____

__y_______

_- - ------

__

P--S-TA--- 0-V-------
P--S-TA--- O-V-------
P--S-AA--- O-V-------

P--S-TA--- 0-V-------
G---------
A--S-TA--- G-V-------
P--S-TA--- O-V-------
P--O-TA--- H-I -------

S--A-TA--S A-LV-
S--V-TA--S A-LV-
HP--CTA--S A-LV-
S----TA--- P-LV-
L--S-TAF-S V-LV---N--
S--S-TAFSS L-LI---R--

L--P----K- ---VS---G- ---V-
L--P--- -K- ---VS---G- ---V-
L--P----K- ---VS---A- --V-V
L--P-----K-- -VS---G-V-V
L--P----K- ---VS--C---V-
L--P----K- ---VS--C- ----V-

-Y-----

-Y---C---------- GV--
AV-- ---

--v---
---T--------_ ________----T---- - ----------~

-V-

---H---------------- - H-- -- --- - --------__ --_--__-__ --_-_-
-T-H------ ---M------ ----------

--------N--------
-------- ----------- ----------

--------N--------
- -- -- -- - -- - -- --N-s- -- - -- -- -- -- -

---------- ----- ---- ----------
- -- -- -- - -- - -- --N-- --- - -- -- -- -- -

-N------I-- DRAKD
-H--M--Nl-- tO-KE
-N---M--N-- t-TDK
-----M--MS- E-CPK

-N--NSO ROANO

----------N KDKF-
----------N KDKL-
----------N KDKF-

----------N KDKF-
----------N KDKL-

---------H- DE-PI
-A---------- A-PG
-SA____-----SAGE

---------H- DESOA
---------H- 31S0O
---------H- UESDO

-_______--- ASSPS

----------- ASSTL
--------DH- DESSS

-L---LR AVK-I
-L---I0 AIK-L

----------- LINST
---------S- LLSAS
---------SN LTSTL
----------- LLSSS

--------- SN LSSTL
---------H- MASMN

---------- ---------- S--------- --------D-- L-SMS
---------- ---------- S--------- --------D-- L-SMS
---------- -----NH--- M----- -D-------DS- N-SKE
---------- ---------- S--------- --------D--
---------- ---------- S--------- --------D-- L-SHS
---------D -----NH--- N--------- --------DT- V-SKD
---------- ---M------ S--------- --------D-- L-SMS
---------- ---------- S--------- --------D-- L-SNS
---------- ----R----- S--------- --------D-- L-SMS

------ID--N--S- S--------- -----S--DRT LDSS-

---------- ------T--- S---V----- --------DH- LPNTK
-Y-------- -V-------- S--------- --------DH- LPNTK
-Y-------- ------5-- -5------- DHR LPNTK
---------- ------T--- S--------- --------DH- LPNTK
---------- ------T--- S---V----- --------DH- LPNTR
-Y-------- -V----T-R- S--------- --------DH- LPNTK
-Y-------- -V----T--- S--------- --------DH- LPNTK
-Y-------- ------T-V- S--------- --------D-- LPNTK

------C-P- -V-M-NL-N- S--------- -----Y--DO- A--LA
------C-P- -V-M-NL-N- -----L---- -----Y--DO- A-AIL
------C--- -V-M-NL-N- --------- ---Y--DG- A--IL
------M-P- -V-M-NL-N- --------- -----Y--DO- C--ML
KS-M--Y-T- -----OR-S- C---V----- -----F--DIG CHR--
-L-K--A-T- ----SOR-A- ----V----- -----L--STN R--Al

AR-L-TA--N T-L------- ---K--C-P- -V---AL-D- ----V-V--- -----H-ROTO HRaP-
PC-L-TA--N T-L------- ---K--C-P- -V---AL-D- ----V-V--- -----H-ROT?

PSGL-TNF-T R-LT------ ---K--S-A- -V---AT-I- N-T-V----- ---O--aRYR s-RV
PNAV-TNF-T K-LT------ ---K----A- -V---AS-0- N-T-V----- -----0--Rl- ROLL-
NNS--TNF-N K-LT------ --------A- -----NT-0- N-T-V----- -----O--RV- WOLI-

ORKK-CP--K H--------- L--N----E- -L--SRSVH- -D--V----- -----L--N-R ZNIIR
GRKK-CP--K H--------- L--HN----E- -L--SRSVN- -D--V----- -----L--NSR ENRIR

TRKK-CP--K --IR---R-- F-SV-INKEK -LOLSRM-N- -D--V----- -----T--I-R MRLOY
SRKK-CP--K --IRa---R-- F--V-INKEK -LOLSRM-N- -D--V----- -----K--L-R DLQY

SRKK-KP-SK L-LA---G-- LV-FFI--G- -R-LSDR-N- SDG-V----- -----K-RLLLaR3QAL

HOX3O ORKK-VP--K V-LK-----Y AASKFI-K3K -RR-SATTN- S---VT---- ---V---VVS SKA-
HOX1J OaRKK-VP--K V-LK---R-Y AT-KFI-KDK -RR-SATTN- S---VT---- ---V-K--VIN KLKTT
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HOXiO
HOX2t
HOX38
HOX4C
XlHbox6
lab-7

HOX2D
HOX3A
HOX4t
Ria
R4
XlHbox7

HOXlA
HOX2C
Rlb
as
XlHbox3
XHox-36
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Drosophila HDs. For example, HOX1A, 2C and frog MM3 HDs differ
by a single amino acid residue from the Drosophila Antp HD.
These four HDs identify a sub-class or HD group. HD groups thus
obtained are shown in Fig. 3.

Nine groups were previously reported (9,20). Seven new
human homeoboxes have now been identified upstream from the HD
group containing HOX1G, 2E, 3B and 4C. On the basis of their
primary sequence the encoded HDs appear to belong to at least
four additional groups (Fig. 3), the first comprising HOX1H and
4D (homologous to the murine Hox-5.3 (21)), the second HOXlI and
4F, the third HOX3F and the fourth HOX3G and possibly HOXlJ. It
is noteworthy that HOX1H and 4D share also the pentapeptide
Glu-Asn-Arg-Ile-Arg immediately downstream from the HD (Fig. 3).
Similarly, HOXlI and 4F share the downstream pentapeptide
Asp-Arg-Leu-Gln-Tyr. It has already been noticed that often the
HDs of the same group share homologous downstream pentapeptides,
most notably in the group including HOX1D, 2F, 3E and 4B and the
Deformed (Dfd) HDs (17,9).

Therefore, at least 13 human HD groups can now be
identified. Human HDs belonging to the same group occupy
homologous positions in their respective HOX loci and it is
possible to align the four HOX loci of Fig. 1. so that corres-
ponding HDs in all loci share the maximal peptide sequence
identity (17,9). For example, HDs 2A and 1C are identical, HDs
2D and 3A differ by a single amino acid residue, HD 3D differs
for 6 residues from HD1C but for 9 residues from both HDs 1B and
1D and so on (Figs. 2B and 3). The alignment of human loci thus
obtained is shown in a schematic form in Fig. 4, where alterna-
tive designations of reported HDs have been indicated. Murine
Hox-1.5 and 1.6 HDs have also been included to complete the
picture as their human homologues have not yet been isolated.

The correspondence of individual HDs in the four HOX loci
suggests the hypothesis of large-scale duplications of a single
homeobox gene complex with a subsequent dispersion in different
chromosomes (22,17,9). Obviously it is not necessary for every
HOX locus to contain the same number of homeoboxes. In fact, no
murine homeobox has been identified between Hox-1.5 and Hox-1.6
and for the time being we have failed to detect predicted
homeoboxes between HOX1G and 1A, between HOX3A and 3C and HOX4E

Fig. 3. List of homeodomains.
The one-letter amino acid code is used. All sequences are
compared to the Antp HD. Dashes indicate amino acid identity.
Human HOX and 2 murine HDs (Hox-1.5 and Hox-1.6) are named
according to accepted nomenclature. Other HDs retain their
original identification. Grouped sequences represent closely
related HDs. The first 9 groupings correspond to groups I-IX
(9) of Fig. 4 below. Other 4 tentative human groupings follow.
5 amino acid residues following the HD are also shown. XlHbox 1
to 7, MM3, Xhox-36, Xhox-lA and -1B are Xenopus HDs; R
designates rat HDs; pS are salmon HDs (34); ZF HDs are from
zebrafish and Ghox2.2 is from chicken (35). All remaining HDs
are from Drosophila genes. Sequences are from Ref.7 when not
otherwise indicated. The three a.-helix domains are indicated.
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and 4B. In the far upstream regions of the four HOX loci we
failed to detect any HOX1 homeobox between HOXlJ and 1I, any
HOX2 homeobox upstream from 2E, and any HOX3 homeobox between
HOX3F and 3B (Fig. 4). After the separation of the four loci
some homeoboxes may have been lost because of accumulated
mutations or by intrachromosomal deletions. Conversely, some
homeoboxes might have been gained by gene duplication (17).

It has been shown that some mammalian HD groups can be put
in a one-to-one correspondence with the HDs contained in
Drosophila homeotic genes present in ANT-C and BX-C (17,20,21,
9). As indicated in Fig. 4, there is a particularly significant
correspondence between mammalian groups and fly homeotic genes
Abdominal-B (Abd-B), Antp, Dfd, proboscipedia (E§) and labial
(lab), in this order, 5' to 3' with respect to the trans-
criptional orientation of the mammalian homeoboxes. These
observations suggest that the mammalian HOX loci are true
homologues of the insect homeotic gene complexes (reviewed in
Ref. 2). Comparative analysis of vertebrate and fly HDs shows
that amino acid changes within the ca-helix subdomains are
remarkably constant within individual groups and show an ordered
variation between different groups (Fig. 3), suggesting that the
selective pressure on the peptide sequences has allowed a
moderate diversification of the various HD groups in specific
structural subdomains (9). This ordered diversification must
play a fundamental role in the regulatory network involving HOX
and homeotic gene products.

On the other hand, the HD represents only a domain of these
gene products and a comparative analysis of vertebrate and fly
homeoproteins is necessary. Some predicted homeoproteins
encoded by vertebrate and fly homeobox genes have been reported.
We analysed the predicted gene products corresponding to human
HOX2G, 2H and 2I (Figs. 5-8).

Using HOX2G, 2H and 2I homeoboxes as probes we screened a
cDNA library prepared from poly(A)+ RNA of human teratocarcinoma
N-TERA2 cells cultured for 14 days in 10 ALM retinoic acid (12,
13). Three cDNA clones were isolated containing extended open
reading frames including the expected HDs of HOX2G, 2H and 2I,
respectively. Fig. 5 shows the intron-exon organization of the

Fig. 4. Schematic representation of 30 human HOX HDs (circles)
in the 4 chromosomal loci. Below the circles are shown the
names of known murine Hox homologues along with laboratory
designations of 6 HOX HDs (cl, c, c10, c13, cpll and cpl9). K8
designation is from Ref. 30. The four loci have been aligned in
such a way as to minimize amino acid changes of HDs placed in
the same column. Murine Hox-1.5 (22) and Hox-1.6 (25,28) HDs
have also been included. Stippled small circles indicate HDs
predicted in the scheme but not yet identified. Groups I-IX of
Ref. 9 are shown below the scheme. HDs from Drosophila BX-C and
ANT-C genes are indicated above the scheme. Each fly HD has
been placed on top of the group of human HDs to which it is most
closely related in sequence. Correspondence of HDs in brackets
is unclear. The sequence of the pE HD has not been published,
but it appears to differ from the HOX2H HD for only 4 amino acid
changes (David, L. Cribbs and Thomas C. Kaufman, personal
communication).
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Fig. 5. Intron-exon organization of three cDNA clones
containing HOX2G, 2H and 2I homeoboxes. The EcoRI (E) map is
derived from clones CD2B and BC206 shown in Fig. 1. Boxes
indicate exons and filled boxes represent homeoboxes.
Initiation and stop codons are indicated in the detailed map of
cDNA clones.

three cDNAs we have determined on overlapping cosmid clones CD2B
and BC206 (Fig. 1). In particular, the HOX2G clone we isolated
appears to be comprised of 4 exons spanning 25 kb of HOX2 DNA
(Figs. 5 and 6), whereas the other two cDNAs contain 2 exons
separated by a short intron (Figs. 5,7,8). In every case the
homeobox is present in the 3' exon, as commonly reported so far.

Fig. 6 shows the sequence of the 1.9 Kb cDNA clone encoding
the HOX2G homeoprotein of 431 amino acid residues. It contains
a relatively long C-terminal region (183 residues) downstream
from the HD and an unusually high number of amino acid residues
separating the HD from the conserved pentapeptide upstream from
it, variously called YPWM homeopeptide (24,33) or pre-box (23).
This domain appears to be extended by the presence of a stretch
of 23 Gly residues with two interspersed Ser residues. This
unique peptide sequence is present in the HD-containing exon
just downstream from the splice site. A comparison with the
sequence of the related HOX4A homeoprotein reveals that this 25
residue motif is inserted in a precise site of an otherwise
highly conserved peptide region spanning the splice site
(Fig. 6).

Fig. 7 shows the sequence of a 1.5 Kb HOX2H cDNA clone
encoding a 356 residue protein. Also this homeoprotein is
characterized by a long 153-residue C-terminus and by a
44-residue domain lying between the HD and the YPWM
homeopeptide. The peptide domain preceding the conserved
pentapeptide is particularly Pro-rich with sequences of 5 and 7
proline residues in a row.

Finally, Fig. 8A shows a HOX2I coding region obtained by
sequencing a short cDNA clone. Comparison of the predicted
N-terminus with that of the murine Hox-1.6 homeoprotein (25)
reveals that 5 amino acid residues upstream from the reported
Hox-1.6 ATG are conserved between the two sequences. This
homology suggests that 5 additional residues might belong to the
coding region of the two homeoproteins. Alternatively, the
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sequence homology may play a role in translational control.
Also in this case the peptide region between the HD and the YPWM
homeopeptide appears to be of interest (Fig. 8B). In fact,
there is a remarkable degree of homology in this domain between
the lab and HOX2I homeoproteins as well as between the lab and
Hox-1.6 homeoproteins, as previously noticed (26).

Discussion
Evidence is accumulating that the HOX loci in mouse (22)

man (9) and probably Xenopus (27) arose as duplications of an
ancestral complex locus containing several homeoboxes. Though
the number of homeoboxes in the four loci is not strictly
conserved their relative order is. The encoded HDs share a high
degree of homology to each other but it is possible to assign
every HD to a given sub-class or group by inspection of its
primary sequence. HDs of the same sequence group occupy
corresponding positions in the various HOX loci. This is in
part due to the common origin of the four loci as duplications
of an ancestral complex locus but we have shown (9) that a
selective pressure on the peptide sequence has been necessary to
maintain the ordered diversity of the various HDs within every
locus. In fact, if one takes into consideration only base
substitutions at the third position of the 61 codons it appears
that all human homeoboxes are uniformly divergent from each
other and from Drosophila homeoboxes (around 50%) (9).

It is by no means clear why several slightly different HDs
have to be maintained in an ordered sequence within every locus.
One can speculate that different HDs bind to different DNA
targets. Alternatively, they may bind to identical or similar
targets with different affinity. In fact, amino acid changes
between different HD groups are not randomly distributed within
the entire domain but are clustered according to what are
believed to be functional sub-domains, like the 3 a-helixes and
the B-turn (9).

Mammalian HOX loci have been shown to be true homologues of
the Drosophila homeotic gene complexes (reviewed in Ref.2).
Some of the various HD groups were already distinct when
lineages leading to insects and vertebrates diverged. This
correspondence is particularly clear for the Drosophila HDs of
Abd-B, Dfd, pb and lab and their vertebrate counterparts (Figs.
3 and 4). Identification of other one-to-one correspondences is
a little more controversial (31,2,9, 20,21) but the overall
picture is clear. Moreover, corresponding genes of vertebrate
and Drosophila loci show the same relative boundaries of
expression domains along the antero-posterior axis of the
developing embryo. Mammalian and fly genes on the right hand
site of Fig. 4 are expressed in anterior regions whereas genes
on the left hand site are expressed in more and more posterior
regions (2).

Present data confirm and extend this evolutionary scheme.
We report the existence of 7 human homeoboxes upstream from the
Abd-B-like group which we had previously called group I (17,9).
These new homeoboxes are present in HOXl, 3 and 4 but not in
HOX2. The encoded HDs are clearly related to the Abd-B HD,
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CGGGGAAAAAATTGGMATCA GMACTMT CTCTCAGTMGGGGCCCGTCATGATATCTGCAGAGTTCGGGCGAGAOGA 100

G AGGCGCAAAGGGGAGATTTGTCGCCTGCCGCTCGCTCTGOGGCTCGATGTGAATATATATTATGTCTGCCTGTTCTCCCCTCGTCGrTGGC 200

TAA&TCAGCGTTGACAGACCCCGGAGGAGGGGAGAGAGGGGAGGTCGGGGGGGGCGTGTCACGTGACCCCCAG 0GTTGCCAAT 30
10

MetGlnLysAlaThrTyrTyrAspAsnAlaAlaAlaA
GTCCGGTCCTGAGGGTATCAVGCCMCCAAGTTGCCACCCACTGCCCAGGCCTCACCCAGCGATGCAGAAAGCCACCTACTACGACACGCCGCGGCTG 400

20 X0 40

laLeuPheGyGlyTyrSerSerTyrProGliYP-rAsnGlyPheGlyPheAspValProProGlnProProPheGlnAlaAlaThrHisLeuGluG,lyAs
CTCTCTTCa;AazATTCCTCGTACCCTGGCAGCAATGGCTTCGGCTTCGATGTcCC=CAAcCCCCCATTTCAGGCCGCCACGcACCTGGAGGGCGA 500

so 40 70

pTyr,GlnAroSrAlaCysSerLeuGlnSerLeuGlyAsnAlaAlaProHisAlaLysSerLysGIuLeuAsnGlySerCysHetArgProGlyLeuAla
CTACCAGCGCTCAGCTTGCTCGCTGCAGTCCCTGGGCAACGCTGCCCCACATGCCAAGAGCMAGGAGCTCAACGGCAGCTGCATGAGGCCGGGTCTGGCC 600
m0 90 100 110

PrcGluThrLeuSerAlaProProGlySerProProProSerAlaAlaProThr.C0rAlaThrSp-rAsnSerSerAsnGlyrGlyrGlyProSerLysSer,G
CCCGAGACCCTGTCGGCCCCGCCTGGCTCACCCcC CAGTGCCGCACCTACCAGTGCCACTAGCAACAGCAGTAATGGGGGCGGGCCCAGCAAAAGTG 700

120 120 140

1yProProLysCysGlyProGlyThrAsnSerThrLeuThrLysGlnlePbeProTrpMetLysGIuSerArgGlnThrSerLysLeuLysAsnAsnSe
GTCCCCCAAAGTGCGGTCCCGGCACCAACTCCACCCTCACCAAACAGATATTCCCCTGOATGAAAGAGTCGAGGCAAACGTCCAAGCTGAAAAACAACTC 800

lleSerLysGlnIlePheProTrpMetLysGluSerArgGlnAsnSerLysGlnLysAsn . Se

rPrO;l yThraL,uGlyCysGlyrl,yGlyGlyGlyGly'GlyGlyGlyGlyGly,.erGlyrGlySerGlyGlyGlyGlyGlyGlyGlyGlyrlyGlyASP
CCCGGMCACAGCAGAGGGCTGTGGTGr,GGCGGCGGTGCGGCGGCGCGAGGCAGTC.!,TC.GAGCW,GGTGGCGGCGGCGGCGGGGAGGGGAC GO

rCysAlaThrAlaGluSerCys . ......... Asp
(Gly)

1t12o 210

LysSerProProGlySerAlaAlaSerLysArlaArgThrAlaTyrThrSerAlaGlnIrValGluLeuGluLysGluPbeIisPbeAsnArgTyrL
AAGAGC=CCGGGGTCGGCGGCGTCCAAGCGGGCGCGGACGGCGTACACGAGCGCGCAGCTGGTGGAGCTGGAGAAGGAGTTCCATTTTA.CCGCTACC 1000

LysSerProProGlyProAla
230 240

MysAgArVa1G1eWt a AsnlauaAsnLeaSerSfluArgG GnIeLysIleTrpPheGlnA nrgArgHetLysTyrLysLysAs
TGTaXG~TGTAGAGATGGCCAACCTGCTGMACCTCAGCGAGCGGCAGATCAAGATCTGGTTCCAGAACCGGCGCATGAAGTACAAGAAGGA I 100

200 20

psldysAlaLysGlyLeuAlaSerSerSerGlyGlyProSerProAlaGlySerProProGlnProMetGlnSerThrAIaGlyPheHet.AsnAlaLeu
CCAGAA_TJGGATGGCCTCGTCGTCG ACCATCTCCA GCCGCAGCCCCCGCAGCCCATGCAGTCCACGGCCGGCTTCATGAACGCTA 120
20 260 3OJ10

HisSerHetThrProSerTyrGluSerPro.cerProProAlaPheGlyLysAlaHisGlnAsnAlaTyrAlaLeuProSerAsnTyrGlnProProLeuL
CACTCCATGA=GCTC GAA=GSCC TCCOCCGC%TT AAGCCCACCAGAATGCCTAC=GCCCACTACCAGCCCCCTCTCA 130

3m~~~~~~~~~~~~~~~~~~~~10
)slyqslAlaIroln)rs'5rPrProhrPoAaProGluTyrGluProHisValLeuGlnAlaAsnGlyGlyAlaTyrGlyThrProThrHe

AAGGCTGCGGCGCCCCGCAGAAGTACCCTCCGACCCCGGCGCCCGATATGAGCCGCACGTCCTCCAAGCCAACGGGGGCGCCTACGGGACGCCCACCAT 1400
we 340 3"

tGlnGlySeProValTyrValGlyrGlyGlyGlyTyrAlaAspProLeuProProP(roAlaGlyProSerLeuTyrGlyLeluAnHisLeSrHisHis
GCAGAGTCTGTACGTGGGCGGGGGCGGCTACGCGGATCCGCTCCGC CCTGCCGGCCCCTCCCTCTATGGCCTCAACCACCTTTCOCATCAC 1500

e 3"0 400 410

ProSerGlyAsnLeApTy,rAsnGlyAlaProProtjetAlaProSerGlnHisHisGlyProCysGluProHisProThrTy,rThrAspLeuSerSerH
CCITCMGGAACCOGGACTACAACGGGGCGCCCIACAACAT5CAOCACGGCCCTAAC 1600

isHisAlaProProProGlnGlyArgIleGlnGluAlaProLysLeuThrHisLeuEND
ACCACGCGCCTCCTCCTCAGGGTAGAATCCAAGAAGCGCCCAAATTAACACACCTGTGATGGGAAGGGCGAACGAGGATTAGGGGATGGGGAGGAG 1700

AGAGACTGTGA.CTCTGGGGGGC CGGAOG TCTGMMAAAGGAGCCAQGAAGGTGGTACCCAGCCCTGGTCAGMACGGCCTGGAGCTCT 1800

CCCTTCCCCCTGGCCTUGAG GCTTTTAAGTCCCACCCCTTGTTCCATCTGCCTGCCAACCCATCGAAGGAATCCACATCATATTGGAGATGA 1900

CAMTCAAXCAGGGCAGCACTACCAAGTT 1935
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especially in the first 10 amino acid residues and can be
divided in 4 (or 5) HD groups (Fig. 3) bringing the current
total number of groups to 13 (or 14). There is some uncertainty
as to whether HOX1J and 3G belong to the same group. HOX1H and
4D HDs differ for one amino acid change from each other and for
21 and 20 changes, respectively, from Abd-B; HOXlI and 4F HDs
differ for 3 changes from each other and for 23 and 22 changes
from Abd-B: the HOX3FHD differs for 25 changes from Abd-B. On
the other hand, HOX3G and 1J HDs differ for 6 changes from each
other and both differ for 30 changes from Abd-B. In addition,
whereas HOX1H and 4D share an identical pentapeptide downstream
from their HD as is the case for HOXlI and 4F, HOX1J and 3G
share only a limited homology in this domain (Fig. 3).

What is the evolutionary position of the new homeoboxes
with regard to the Drosophila gene complexes? They were either
present in the ancestral locus predating the divergence between
insects and vertebrates or, alternatively, they have arisen
specifically in the lineage leading to vertebrates. If one
accepts the first hypothesis it is necessary to explain why they
seem to be absent in the Drosophila complexes, in particular in
BX-C. One possible explanation is that they are present in the
Drosophila genome, clustered in a different gene complex or
scattered. Another possibility is that they were lost in the
evolutionary lineage leading to flies, due to some peculiarity
in their development. As a matter of fact, terminal abdominal
segments appear to be missing or fused in Drosophila as compared
to the situation of other insects (31,32). A third possibility
is more intriguing. The 5 mammalian upstream HD groups may all
correspond functionally to Abd-B. In Drosophila a huge genomic
region containing several elements (iab-3 to iab-7) controlling
the expression of the Abd-B homeoprotein might play the role of
5 mammalian homeoproteins.

On the other hand, these new HD groups may have arisen
specifically in the evolutionary lineage leading to vertebrates
in view of the development of specific body structures or in the
frame of a general increase of complexity. Specific body
structures that could be considered are, for example, the
hindlimbs and the pelvic girdle or genitalia. Drosophila legs
are thoracic whereas hindlimbs of tetrapods imply very
specialized anatomical structures localized posteriorly. In
situ hybridization experiments are required to assess these
hypotheses along with a genetical analysis possibly through
reverse genetics and analysis of transgenics.

The HD is only a portion of the homeoproteins. Henceforth,
comparison of mammalian and fly homeoproteins might cast

Fig. 6. Nucleotide sequence of a HOX2G cDNA clone and its
conceptual translation. The conserved pentapeptide and the HD
are underlined. Arrowheads point to splice sites. The peptide
sequence of a domain of HOX4A has been aligned to the corres-
ponding HOX2G domain. Dots indicate a deletion. A glycine
residue present in HOX4A, but not in HOX2G, is shown in
brackets.
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PletAsnPheGluPheGluArN
GMTT CGGGGGTcCCT AGC GtAGCC AGCA=CCTC ACCATTGAAGCCATGAATTTTGMTTTGAGAG

So so :0 40

lulleGlyPbellesnserGlnProserLeuaGluCysLeuThrsePheproAlaValLucluThrpheGlnThrserserIleLysGluserTh
AGATTGGGTTTATAAACAGcCAGGTCGCTC0_AGTiCTGACTTCCTTCCTGMTCTTGGAGACATTCAAACTTCATCAATCAGGAGTCGAC

s0 G0 70

rLeuIleProProProProProPheGluG1nThrPeProSerLeuG1nProlyAlaSerThrLeuGnArgProArgSernLysArgAlaGluAsp
ATTAATKCTcCTOcCTTGGCCTcCGCTGCcGGCCATCGGcCQACM GGGAGT

GlyProAlaLeuProProProProProProProProuroAlaAlaProProAlaProGluWtroTrltLysGluLysLysSerAiaLysLysProS
GXCGTAGTTCiGGATGAAA6AGAAGAAATCCGCCAAGAAACXCA

1to0 1SS0 140

erGlnSerAlaThrSerProSerProAlaAlaserAlaValProAlaSrGlyValGlySerProAIaAbpGlyLeuGlyLeuProGluAlaGlyGlyGl
1a 160 170

yGly lA1a mnhralau1a uLpy1i LyuTyr at
A =tACGGCrACCMXCACGCAGCTGCTGGAACTGGAGAAGGMTTCCACTTTMTAAGTCCTGTGCCGGCCA C

Gil TlhrUluirkpVlLyGVlTrpPlL laiHiheluo
GAGA iGTGGACCTCACCGA I TCGGTlCAGAATCT=GCGTACAGGGO

210 230 240

roAspGlyGluProAlaCysProGlyAlaLeuGluAspIleCysAspProAlaGluGluProAlaAlaSerProGlyGlyProSerAlaSerArgAlaMl
COGTGGGCGCGCACCGGTA =AMACGCA

260 am 270

aTrpGluAlaCysCysHisProProGluValValProGlyAllaLeuSerAlaAspProArgProLeuAaValArgLeuGlulGlyAlaGlyAlaSerSer
GTGGGAAGCCTGCTCACCCGCCGGAGGTGGTGCOGGQGGcCTTAAGICcAcCC GGcnAGCCGCGCTTAGAGGG AGGcTCAGT

50 260:

ProGlyCysAlaLeuAr G1yAlaGlyGyLeuG1uProGlyProLeuProGluAspValPbeSerGyArgG1nAspSerProPeLerospLeuACCCGGaGC ;XCTGCGCGGGGCCGGCGGGCTGGAGCCCGGGCCATTGCCAGAAGACGTCTTCTCGGGGCCAGGATTCACCTTTCCTTCCCGACCTCA
310 5 S 30

snPhePhe^aAlaAspSerCysLeuGlnU&lCYGlyLeuSerProSerleuGlnGlySriLspSerProVa1ProPheSerGluG1uGluLe
ACTTCT0CGACTCCTGTCTCCAGCTAT=AGGOCTCTCCXTAGCCTACAGGGTCTTACA CCCTTTTCOAGGCG

uAspPWheThrSerThrLeuCysAlIalleAspLeuGllPheProEND
GGA II T=mAGCTAMCTCTGTGCATCAXTGCAGTTTCXTAACTG ClCTCCTTTUCCC C GG=CAC
TGGAAAAMTIGAlCACCCAGT CATAGACTTAiGiGIIITMTM UTTCAGGTATTACTGAAT TAGIMATCCACrrMTC
lC TCTAAAATATTGOGCGC;T7ASsC irTAAMTTCACACAGAAA 1=TAGG}lu /CtTCCrIATQATCTCAGGAAMTMATAACT
ClAGGGGAC GCTMUACAAGG ACCrTAiI IC!C i TTAATGIIIIkA AGATTMTM TTTTAAAAAMGMT
GGGGAAAGTA=TTTTGTAC

100
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Fig. 7. A HOX2H cDNA clone. Symbols as in Fig. 6.

additional light on the evolution of these functional
structures. Often the pentapeptide immediately downstream from
the HD is conserved in human homeoproteins of the same group
(Fig. 3). This is particularly evident for the Dfd-like group
but also for groups lying both to the far right and far left of
Fig. 4.

A second conserved motif in mammalian and fly homeoproteins
is the pentapeptide centered around the YPWM core. We found it
in every human HOX homeoprotein we looked at. They are 15 so
far, namely HOX1B, 1D, 2A, 2C, 2D, 2F, 2G, 2H, 2I, 3A, 3C, 3D,
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10 20 30
A aspTyrAsnSerPheeulTGuTyrProLuCysAsnArgGlyProSerAlaTyrSerAlaHisSerAlaProTrSerPheP

TGACGCATACTATAATAGGAAG CGC cTc C TC 100
40 30 60

roProSerSerAlaGlnAlaVaLAspSerTyrAlGaTlGuGlyArgTyrcGlyyGTGlyLeuSerSerProAlaPheGCnGAnAsnSerCGlyTyrProA2CCCAAGCTCGGCTCAGGCGGTTGACAGCTtGCAGGAGGCGTT CCCGC 200
70 so

aG1nGInProProSerThrLeuGlyValProfPhroSerSerAlaProSerGyTyrAlaProAlaAlaCysSerProSerlyrGlyProSerGlnTyr
CCAGCAGCCGcCTTCcAcCCTGGGGGTGWCcCTTATc CcTCG TATGCTcCTGOCGCCAGCCAGCTAcGMGG CTCAGTAC

100 110 130 130

TyrProl"IuGlynSeeGluGly'sPGlWlIyTyrPhdliProSerSerTyr,GlyAlaGlnLeuGlyGlyLeuSerAspGlyTyr,lyAlaGrGlyGjA
TAOOCTCRGGZCMT>GAITCATGGAAGCCIAGGCOCAGCTAGGGGGCTTGTGA CAGGTGGAG

140 100 140

laGlyrProGlyProTyrProProGlnHisProProlyrGlyAsnGluGlnThrAlaSerPheAlaProAlaTyrAlaAspAIueluAspLysGl
A IGGCAATCCT COGCAGCAT TGACGACTAGACCGGTTGCACGGXATCTGA UaGA C

170 I6 1 X

uThrPrCysProSerGluProAsnThrProThrA ysValLysr nProProLysThrayValSerGluPro

GAAGGTGTOA A300 210 ZD

300

400

500

600

700
240 230 20

rgAralGluAletlaAlaTLrLe_lyuIuAlahlLysGIGeTlpbG uG1
GAGGGTGGAGATTGCCCCAC(XTGGAGCTCAATGAAACACAGGTCAAGATTrGGTTCCAG CCG CGATGAGCAGAG A GAGGG 800

2702 260

yGlyArgValProProAlaProProGlyCysProLysGluAlaAlaGlyAspAlaSerAspGlnSerThr,CsThrSerProGluAlaSerProSerSer
ACGGTC:CAGOCCACCA,GCGCTAVAAGGGTGCCTCCACAGATCGACATGCM:CTCC=AAGCTCACCCAGCTCT 900

ValThrSerED
GTCACCTCCTGAACTGAACCTAGCCACCAATGGGGTTCCAGGCACTGGAGCGCCCCAGTCCAGCCCTATCCCAGGCTCTCCCAACCCAGGCCTGGCTTC 1000

ACTG=CGGGATCTCTAGGCT 1021

B

HOX21 IT F Q WMIK V p T * A K V S E P IL

Hox-1.6 IT F D WWMKK V RNPKT GKVGEYGYVGQ H OMAIN

lab T Y K WMIQ LIKR N V PQYAP K L P A S G A S M H

LD Y Q M N G Q L D M0S)

L54aaGLG S

LG L S S

S L S S N T HOMEODOmAiN

Fig. 8. A) A HOX2I cDNA clone. Symbols as in Fig. 6. Two
possible initiating Met are boxed. B) Alignment of corresponding
domains of HOX2I, the murine Hox-1.6 (25,28) and Drosophila lab
(26,29) homeoproteins. Homologous peptides are framed or
underlined. An arrowhead represents the splice site and two
cysteine residues are circled. Dots indicate deletions. 54 aa
indicates a stretch of 54 amino acid residues. Only one of
several possible alignments of the lab domain downstream from
the splice site is shown.
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YPWM
s HOMEODOMAIN

NH, COOH

Fig. 9. Conserved domains (shaded boxes below the line) in
homeoproteins. The amino-terminal domain may consist of 5-25
amino acid residues. The central domain extends from a few
residues preceding the conserved YPWM pentapeptide to five
residues following the HD.

3E, 4A and 4B. This pentapeptide is present in Drosophila
homeotic genes but not in non-homeotic ANT-C genes containing an
HD like fushi tarazu (ftz), zerknullt (zen) and bicoid (bcd).
It appears that the pre-box, rather than the homeobox itself,
discriminates true Drosophila homeotic genes (9).

This small domain might play a functional role complementa-
ry to, or in conjunction with, that played by the HD. The two
domains are encoded in two different exons and are separated by
a variable number of amino acid residues. The cooperation of
the two domains may be independent of the distance, provided
that this is not too large. Alternatively, different distances
may be required for the specific function of various homeo-
proteins. Often the region between the YPWM homeopeptide and
the HD is conserved in homeoproteins of the same group. We have
shown that this is also the case for the group including HOX2I,
Hox-1.6 and lab (Fig. 8B).

In summary, two domains are generally conserved in homeo-
proteins (33) and appear to be relevant in assigning homeo-
proteins to the various groups: the amino-terminal and a large
domain spanning the homeopeptide, the HD and the downstream
pentapeptide (Fig. 9).
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